New quantitative norms for clinical evaluation of the atrial vectorcardiogram are presented. Real-time computer processing digitizes atrial electrocardiograms, reduces random noise content, rectifies base-line configuration, and corrects preamplifier distortion. Axial-system leads of 106 normal persons were so treated. The basic information derived includes spatial distribution and magnitudes of P, Tp, and polar P vectors; length, width, and planarity of P loops; spatial P-Tp angles; and the Eulerian angles of P-loop normalization. Normal P vectors show predominant leftward, inferior, and anterior orientation, with opposing Tp direction. Polar P vectors show predominant superior, anterior, and leftward clustering. The scatter of parameters in the orthogonallead frontal plane is about the same as for the tetrahedral system. Similarly, the atrial deflections of normals show equally rich notching in both systems. Resolution of the P-wave population into uncorrelated components, followed by resynthesis from these principal factor wave forms, revealed a fairly continuous "spectrum" of signal con 
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Circulation, Volume XXXIX, February 1969 Signal averaging tor signals of 106 normal subjects. The results of our observations are recorded in this report with the hope that they will later serve as standards of normality against which data obtained from individuals with heart disease can be compared.
Methods
The corrected orthogonal leads of 115 predominantly youthful subjects were recorded on magnetic tape, using the axial lead system of McFee and Parungao.5 A history of freedom from heart disease was obtained from each subject, and this information was supplemented by a clinical examination which included determination of blood pressure, cardiac auscultation, and evaluation by palpation and percussion. Each set of orthogonal leads, together with the bipolar extremity lead in which QRS amplitude 229 was greatest for that particular subject, was recorded continuously over a 5-min period. Recording was done on a mobile equipment cart which included among its contents a Hewlett-Packard model 3900 tape unit, four Grass P511 physiological amplifiers, a patient cable that terminated in a bank of four Grass HIPS11 high-impedance input probes, and a DC-energized mercury-inrubber type of strain-gauge pneumograph. Recording was done with the subject lying comfortably in an adjustable hospital bed, with due attention paid to adequate skin preparation and careful electrode application. The technical quality of the recorded signals was visually monitored throughout the procedure by observing them on a cathode-ray oscilloscope built into the recording cart. A calibration signal was recorded from a carefully standardized free-running multivibrator which produced a 1-mv peakto-peak square wave at a frequency of 10 Hz.
The tape-recorded signals were processed on a laboratory-oriented digital computer* by methods which, for the most part, have been previously described. On playback the X, Y, and Z wave forms were digitized at the rate of 500 samples per second and stored in buffer memory. The fourth recorded channel, usually lead II, was digitized at an identical rate after having first been time-differentiated and heavily smoothed by analog circuits. 2 The amplitude of this modified signal was constantly tested by digital "compare" logic, and the points at which each QRS complex first exceeded a preset value were taken as the temporal fiducial marks of successive cardiac cycles.
A major objective of the signal processing was to improve wave-form quality by averaging waves over 50 cardiac cycles. This was accomplished by a two-pass procedure which was similar to one employed in a previous study. The beginning of the P wave and the offset of the P-R segment were visually determined from write-outs of the wave-forms on an incremental plotter. A third temporal mark, the dividing point between the end of the P and the beginning of Tp, was calculated as that sample at which the angle between the instantaneous vector and the mean atrial vector, computed cumulatively up to that point, changed from acute to oblique. The physiological basis for such a determination is challengeable since some portions of the atria will have begun to repolarize before depolarization has been completed in the atria as a whole. However, although this method of temporal demarcation is somewhat arbitrary, it avoids the confusion due to phase differences between the respective base-line crossings of P in individual scalar leads and thus provides a relatively simple way of determining a useful time parameter in a precisely repeatable manner.
Results
A right-handed Cartesian coordinate system was used in which the X axis lay horizontally in the subject ' The study included an analysis of the polar vectors associated with atrial depolarization. The polar vector is a spatial parameter which was proposed by Burger and Vaane9 and which, as ordinarily used, is applied to the QRS loop. The orientation of the vector may be defined as the axis of projection which produces maximal loop area, and this area, in turn, specifies the magnitude of the vector.
Sense, or polarity, of this parameter is defined by the right-hand rule; that is, counterclockwise rotation of the vector loop generates positive polar-vector moment, and vice versa.
A fairly good approximation of the polar vector can be calculated from Normalization of axes may be defined as the rotation of vector forces to some standardized orientation within the Cartesian frame of references. We performed this procedure on our P-vector data, using three different sets of criteria to define axis normalization. In each case the results were determined as the successive angular values of a "three knob" rotation.
In method I the first angle of rotation, A, is that which revolves the P vector about the Y axis until it lies in the XY plane. The second rotation, B, then rotates the P vector about the Z axis until it is colinear with the X axis. The third rotation, C, is performed about the X axis until a condition of minimum energy is achieved in the final scalar Y lead. Ambiguity in specifying the quadrant of angle C is removed by the further condition that the final scalar Z lead be "minus-plus" diphasic. In relation to the original spatial orientation of the P vector, angle A is the negative of azimuth, and angle B is the same as latitude. Clockwise rotation about the X axis defines a positive value of angle C.
The execution of method II is based on the principle of eigenvectors.7' '4 In brief, an auxiliary set of mutually orthogonal axes, U, V, and W, is determined in which a maximal amount of signal energy is present in scalar lead U, a minimum amount, in scalar V, and intermediate content, in lead WV. figure  8 . Figure 9 shows the distribution within the group of the spatial magnitude of Histogram depicting the Eulerian angles of rotation which normalize P-wave orientation according to the criteria of method I described in the text. Angle A is simply the negative of the azimuth of the vectoralized P-wave area, and angle B is identically this vector's angle of latitude. After these first two rotations have been executed about axes Y and Z, respectively, a final rotation of the vector forces (angle C about the X axis) produces a minimum-energy complex in the normalized Y lead and a "minus-plus" diphasic P wave in the Z lead. The group-average results of this method are found to compare very closely with those obtained from two other methods of axis normalization which have been described in the literature. ly the only consistent morphological feature of the maximized P wave is its basic monotonic pattern.
The question of P-wave configuration was pursued further by the technique of pyramided factor analysis.12' 13 The time base of each of the maximized P waves was normalized to 62 samples by simple linear interpolation. Six groups of 13 and two groups of 14 wave forms were each resolved into a set of uncorrelated base signals by the method of factor analysis. The first seven factors of each group were combined with those of another group to form four new groups of 14 each. These were again factored and regrouped until a final output of seven orthogonal signals was obtained which represented the distillation of wave-form content of the original 106 signals. These final principal factor wave forms are illustrated in figure 11 and their relative magnitudes are listed in the second and third columns of table 4 .
The base signals were next placed on an equal footing by scaling them to the same root-mean-square (RMS) value, and then fitted to each of the maximized P waves by a least-squares method. In this scheme of things the P wave may be treated as a unit vector in multi-dimensional signal space, with the contribution of each principal factor wave form being analogous to an individual component of the signal vector. The magnitude of difference between the unit signal vector and the vector sum of the seven basic components represents residual error. It is this quantity which is minimized in the least-squares method of synthesizing an input signal from principal factor wave forms. The remaining columns of table 4 summarize our results in applying this procedure to the whole set of normalized P waves.
Factor analysis confirms objectively the subjective impression that the P-wave configuration is richly varied and does not seem to fall into any set groups of patterns. One concludes from table 4 that each of the maximal area P waves contains a strong factor 1 component. However, bearing in mind that all the scale-normalized principal factor wave The upper two panels are histograms which show distribution of the two Eulerian angles of rotation by which the Tp vectors of the group of subjects were partially normalized.
Angles A and B bear a direct relationship to azimuth and elevation of the vector forces, which is described in the text and the legend of figure 6 . Since the latter portion of atrial repolarization is obscured by the QRS complex a determination of Tp-loop width would be meaningless. Therefore angle C rotation is not performed. The lower panel of the figure is a histogram showing the manner in which the values of spatial P-Tp angle are distributed among the subjects.
forms have about the same zero-to-peak amplitude, it is also evident from table 4 that the basic prime-order pattem must be strikingly modified by the superposition of higher order components. Rather interestingly, and probably not fortuitously, the root-meansquare values of relative weights of factors 2 through 7 (column 2) are very nearly the same as the standard deviation (column 5) of the coefficients which represent their individual contributions to the entire group of P-wave morphologies. The implication of this observation is that, for each of the principal factors above the first order illustrated in figure 11 , approximately 32% of the group contains as much of, or more than, the waveform shown in the illustration, with reversal of polarity in about half of these. An attempt was also made to classify P waves by grouping them according to the relative separation of their vectors in signal space. The method is similar to Stark and coworkers' separation of wave-form families by multiple adaptive filtering4' 1'5 but with the groups of wave forms first resolved into a siet of mutually independent base signals. With a fairly liberal tolerance limit, two major subgroups were formed which contained all but 102 NORMALIZED Figure 10 Several examples of atrial complexes as obtained with the axial-system set of corrected leads. The methods of signal enhancement and write-out which were employed are described in the text. The scale marks correspond to the millimeter scale of conventional records; that is, 0.04 sec per interval of abscissa, and 100 uv per interval of ordinate. There has been no rotation of axes in the two examples on the left. Immediately to the right of each of these the same timefunctions are shown after normalization of the P loop by method I described in the text. The remaining examples are write-outs from another two subjects after P-wave normalization. These examples show the relatively rich notching which is almost invariably seen in the P waves of healthy subjects. In most of the records no division occurred which might be interpreted as separating the P-wave configuration into right and left atrial portions.
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